Irrigated agriculture notably increases crop productivity, but the generated irrigation return 14 flows may induce surface water pollution by nutrients if irrigation water and fertilization 15 management are inadequate. In this study, the Del Reguero watershed (Huesca, Spain) was 16 characterized, and irrigation performance was assessed to identify sprinkler irrigation water 17 management impact on surface and subsurface water losses during the 2008 and 2009 18 hydrological years. Farmers were interviewed, and soil and water use surveys were 19 performed. The main water inputs and outputs of the system were measured (irrigation, 20 precipitation, filter cleaning, and outflow surface drainage) or estimated (municipal waste 21 waters, actual evapotranspiration, wind drift losses, and evaporation losses) and the evaluation 22 of the irrigation performance was performed using various water management indexes. 23
concentrations (C r and C b , respectively). The following equations for the conservation of mass 1 for water and solute were used then to estimate the relative contribution of each component to 2 the total flow (i.e., Q b /Q t and Q r /Q t ). The baseflow ECs were characterized during the non- increased slightly at deeper layers (0.6 to 0.9 m) which can be explained by the moderate 7 increase in the silt fraction. In all soil layers, the coefficient of variation of (θ FC ) and (θ WP ) was 8 moderate (less than 20%), and therefore the resulting spatial variability of TAW within these 9 soils was also moderate. 10 11
Cropping patterns and water use data 12
Another field survey was performed to determine crop spatial distribution and the where I is the water diverted for irrigation; P is the precipitation; MW is the wastewater 8 discharge from Peralta de Alcofea village; FC is the water used to clean the pumping station 9 pumps and discharged in the drainage canal; ETa is the volume of actual crop 10 evapotranspiration in the entire study area; Q is the drainage outflow measured at the gauging 11 station that includes surface and subsurface runoff; and WDEL are the wind drift and 12 evaporation losses. The daily precipitation (P) was measured at the Huerto meteorological station (6 km away 24 from the study area). As monthly P registered in a pluviometer in the watershed (daily datanot available in this case) was different from that gathered at the Huerto station, the regression 1 relationship between monthly P in the watershed and monthly P in Huerto was calculated and 2 used to generate daily P data in the watershed. The monthly volumes supplied to municipal 3 users were obtained from the Ebro River Basin Authority (CHE), and the municipal 4 wastewater returns (MW) were calculated as 80% of the supplied water (Isidoro et al., 2004). 5
Finally, the volume of water used to clean the filter in the pumping station (FC) was 6 calculated following equation (5) . The cleaning system includes 17 sprinklers with a flow rate 7 of 0.5 L s as defined in Equations 7, 8 , and 9 were calculated as described below. Consumptive water 5 use efficiency (CWUE; %), which refers to the fraction of water used by crops (Eq. 7), was 6 defined as the ratio of the percentage of the ETa to the total water available for 7 evapotranspiration (i.e., irrigation and effective precipitation [P ef ]). CWUE evaluates the 8 global efficiency of the crop in the consumptive use of the available soil water. Irrigation 9 efficiency (IE; %) was calculated as the ratio of ETa minus P ef to irrigation (Eq. 8). A 10 theoretical IE of 100% indicates that the entire volume of irrigation application has been used 11 to satisfy the water needs of crops or that it has accumulated in the water reserves of the soil 12 for use on crops in the following period (Causapé, 2009). Irrigation sagacity (ISg; %) was 13 calculated the same way as IE taking into account the non-agronomic benefits of water use, 14 such as WDEL in the case of sprinkler irrigation (Eq. 9). Other indexes expressing irrigation 15 performance included drainage fraction (DF; %) and water deficit (WD; %). The DF was 16 calculated as the ratio of the percentage of drainage outflow (Q) volume to I and P (Eq. 10). 17
The WD was calculated as the difference between crop evapotranspiration (ETc) (or potential 18 crop evapotranspiration) and ETa divided by ETc (Eq. 11). WD evaluates the global 19 capability of the water resources (I and P) for covering the water requirements of the crop. 20
The seasonal irrigation performance index (SIPI) was also calculated (Bensaci, 1996) . SIPI 21 was defined as the ratio of the seasonal net irrigation requirements, which was the difference 22 between ETc and P ef , to the seasonal irrigation dose (I) delivered to the crop (Eq. 12). evapotranspiration was calculated using standard FAO procedures as previously described by 21 1 estimated using the ETa, TAW, and available water (AW) of the soil. The initial available 2 water was estimated to be half of the soil water holding capacity. Effective precipitation was 3 estimated considering the following parameters: if P < (TAW + ETa -AW) then P ef = P; 4 otherwise P ef = (TAW + ETa -AW) (Causapé, 2009). 5
To better understand factors affecting water use and the SIPI, Duncan's multiple means 6
comparison was applied to study the interaction between quantitative and categorical 7 variables. This procedure determined which means were significantly different from the 8 others. The seasonal water use indexes and the SIPI were the dependent variables considered 9 in this analysis. The independent categorical variables (factors) were as follows: type of crop, 10 class of soil, and class of plot area. Four crops were considered in this analysis, including 11 corn, alfalfa, sunflower, and barley. The sampling was done selecting between 5 and 7 plots 12 for each considered crop. In 2008, 47 plots were sampled at random to perform the statistical 13 analyses, whereas in 2009, 57 plots were considered. Three soil classes were tested as 14 follows: platform soils, shallow alluvial soils, and deep alluvial soils. Finally, the following 15 three classes of plot areas were considered: class A with surface area less than 5 ha; class B 16 with surface area ranging between 5 ha and 12 ha; and class C with surface area greater than 17 Table 1 Hydrograph separation revealed that most of the streamflow (77%) during the study period 22 was represented by the baseflow that included throughflow and interflow (Table 2) precipitation (52.0% of total inputs) and irrigation (47.4% of total inputs) and the main 6 average water output was ETa (79.9% of total outputs) ( Table 3 ). The average volumes of P, 7 I, and ETa were 45%, 97%, and 63% higher, respectively, during the IS than the NIS (Fig. 3) . 8
The remaining measured or estimated average annual inputs and outputs were much smaller 9
(less than 1% of total inputs and 6.8% of total outputs). global SIPI values should be handled with great caution due to the large differences between 8 the crops as previously highlighted. 9
The IE and SIPI values calculated for alluvial soils (data not shown) were the same for the 10 irrigation seasons of both years. In the platform soils, however, the SIPI values were much 11 higher than the IE values for the irrigation seasons of both years. In the platform soils, the 12 ETa was lower than the ETc (the mean ETa was 17% lower than the mean ETc) in the two 13 study years, indicating that the applied water was unable to meet the maximum crop 14 evaporative demand. In the alluvial soils, however, the ETa was equal to the ETc, indicating 15 that the maximum crop evaporative demand was satisfied for this soil type. Irrigation appeared to be more effective when the irrigation performance was characterized by 3 the ISg rather than by the IE (85% compared to 72%, respectively) due to the importance of 4 the WDEL in the study area (Table 4 ). The Del Reguero watershed had a CWUE of 91%, 5
indicating that a high percentage of available water (irrigation and effective precipitation) was 6 destined for crop evapotranspiration (Table 4) . A difference in the CWUE between the study 7 years was observed with the highest CWUE (95%) occurring in 2008. 8 mm for corn, alfalfa, sunflower, and barley crops, respectively. These values indicated that the 13 sunflower and barley net irrigation requirements were not met (Table 5) . Therefore, no surface 14 runoff was generated if irrigation was adequately distributed. However, only 43% of 15 evaluated farms showed irrigation events classified as adequate (Christiansen coefficient of 16 uniformity > 84%) (Zapata et al., 2007) . This result may explain a part of the water surface 17 drainage volume that left the watershed. 18
The Duncan's multiple comparison analysis indicated that less water was used in corn, 19 sunflower, and barley fields when compared to alfalfa fields (P < 0.1). However, the 20 difference between alfalfa and corn was not significant (P < 0.1) in 2009 (Table 6) . 21
Differences in irrigation water use between soil types and plot area classes were not 22 significant (P < 0.1) for both years, which indicate that farmers did not take into account the 23 soil type and plot size when irrigating. The farmers did not apply additional irrigation water to 24 platform soils when compared to alluvial soils when using solid-set sprinkler irrigationsystems. They applied frequent irrigations with an average irrigation depth of 13 mm for all 1 types of soils. On average, this irrigation dose did not exceed the total available water of 2 platform soils. Dechmi et al. (2003) found that the large plots have a potential to conserve 3 water. In the case of DRW, the large plots had less water applied when compared to the small 4 plots. This is due to the fact that the majority of small plots are located in cambisols where the 5 value of TAW is very low (average TAW = 70%). Therefore, farmers need to apply more 6 water to meet crop requirements. However, the differences in the DRW between the classes of 7 plot areas were not significant (P < 0.1). 8
Average SIPI values were lower than one for corn and alfalfa crops, indicating that the WU 9 clearly exceeded the calculated net irrigation requirement of these crops (Table 5 ). In contrast, 10 the mean SIPI values of the sunflower and barley crops were higher than one, indicating that 11 the WU did not fulfill the needs of these crops. Figure 4 shows that the corn and alfalfa crops 12
were over irrigated and that irrigation of the sunflower and barley crops was deficient. (Fig. 5)  16 showed that 39% of the plots had SIPI values higher than one and that 22% of the plots had 17 satisfactory SIPI values (80% < SIPI < 100%). 18
Barley was the most water-stressed crop during the two study years with an interannual 19 average SIPI of 200% (Table 5) their crops, especially sunflower crops, which had an interannual average SIPI of 142%. It 7 seems that farmers did not consider yield as the main source of income because the sunflower 8 subsidies were comparatively high in the years of study. 9
However, the interannual average of the SIPI values for alfalfa and corn were 81% and 78%, 10 respectively, indicating that all crop water needs were satisfied. The annual average of water 11 applied was 25% and 27% higher than the NIR for corn and alfalfa, respectively. The average 12 SIPI value for corn was the lowest among all crops. The shape of the frequency distribution of 13
the SIPI values showed that 95% of alfalfa plots and 100% of corn plots presented SIPI values 14 lower than 100% (Fig. 5) . Moreover, 50% of the plots showed acceptable SIPI values. 15 These data suggest that farmers tried to optimize irrigation water use by restricting application 16 on drought resistant crops (sunflower and barley) and by limiting water stress on drought 17 sensitive crops (corn). Alfalfa is a drought-resistant crop. Nevertheless, the water 18 requirements were met during the two study years, indicating that farmers applied less water 19 to crops where yield reductions produced less damage to their economies. 20
The Duncan's multiple means comparison analysis indicated that crop type was the only 21 significant variable for both 2008 and 2009 irrigation seasons ( Table 6 ). The SIPI of 22 sunflower and barley crops were significantly (P < 0.05) different from that of alfalfa in the 23 were 6% smaller than the alfalfa SIPI values. The relationship found between the soil type and 1 SIPI values indicated no significant (P < 0.05) differences. Moreover, the relationship 2 between classes of plot area and SIPI values indicated no significant differences. Similar 3 findings have been reported (Dechmi et al., 2003) where no relationship existed between plot 4 area and SIPI values for the studied years and no significant differences were found between 5 soil type and SIPI values. 6
Considering the irrigation efficiency index, 24% of the plots had IE values lower than 70% 7 (Fig. 5) , indicating that the irrigation management was unsatisfactory. In fact, the irrigation 8 was inadequate in 77%, 14%, and 7% of the alfalfa, corn, and barley plots, respectively (Fig.  9 6). Moreover, 30% of the plots had satisfactory irrigation performance (Fig. 5 ) if irrigation 10 sagacity (ISg) was considered (80% < ISg < 100%). The shape of the frequency distribution 11
showed that 42% of the corn plots and 32% of the alfalfa plots presented satisfactory ISg 12 values (Fig. 6 ). In addition, 30% of the plots had satisfactory values of CWUE (Fig. 5) , and 13 39% of the plots had a CWUE value higher than 100% (mainly for barley with CWUE values 14 higher than 100% in 93% of the plots) (Fig. 6) . These results indicate that no deep percolation 15 losses occurred in almost all of the barley plots. During 2009, however, excess water 16 application during a period of barley growth induced water percolation losses (Fig. 4d2) . 17
The water balance performed for DRW in 2008-2009 hydrological years allowed to calculate 1 the volumes of the inputs and outputs from which various performance indices were derived. 2
The average annual water inputs were 3.1% higher than outputs (15.8 hm an average annual value of 91%. Moreover, the irrigation management was inadequate 10 because there was an annual WD of 9%. 11
The seasonal irrigation performance index (SIPI) showed important irrigation problems in 12 DRW. For sunflower and barley, the mean SIPI was 123 and 200%, respectively, indicating 13 that the seasonal volumes of irrigation water were lower than the net sunflower and barley 14 irrigation requirements. For corn and alfalfa, the mean SIPI was 78 and 81%, respectively, 15
indicating that the seasonal volumes of irrigation water were higher than the net corn and 16 alfalfa irrigation requirements. This is due to the high economic value of corn and alfalfa 17 where irrigation water is applied with non-limiting rates. 18
In the sprinkler irrigation system, the water management appeared to be more effective when 19 the performance was characterized by the ISg rather than by the IE (85% compared to 72%, 20 respectively) due to the importance of WDEL. 
